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Abstract. The intensive wildfires recurring in the Mediterranean area modify soil physico-chemical properties, in turn
inducing changes in soil microbial abundance and activity. Soils were sampled from burnt and adjacent unburnt sites
within Vesuvius National Park 1 year after a large wildfire occurred in summer 2017. The aims of the present studywere to
evaluate the effects of fires on soil characteristics and to investigate whether different plant types contribute to mitigating
or enhancing these effects. The results showed lower organic matter and water content and a higher C/N ratio in burnt than
in unburnt soils. In particular, this trend was the same for all the plant types investigated, with the exception of soils
covered by black locust tree and holm oak, which showed a higher C/N ratio in unburnt than in burnt soils. In soils covered
by holm oaks, a shift in the bacterial and fungal fractions occurred between burnt and unburnt soils, whereas the amount of
ammonia oxidisers was notably higher in burnt than in unburnt soils covered by black locusts; the highest N concentration
was also measured in burnt soils covered by black locusts. The burnt soils showed a lower metabolic quotient and a higher
rate of organic carbon mineralisation compared with unburnt soils, and this trend was particularly evident in soils under
herbaceous plants. The findings suggest that soils covered by herbaceous species are more sensitive to fire effects and less
able to restore their functionality compared with soils covered by trees.
Additional keywords: black locust, fungal/bacterial/ammonia oxiders sequences, herbaceous species, holm oak,
microbial activity, organic matter, wildfire.
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Introduction
Approximately 65 000 fires occur every year in Europe, and
more than 85% of these fires occur in Mediterranean regions
(i.e. southern France, Greece, Italy, Portugal and Spain), espe-
cially during summer (July–September), when there is drought,
high temperatures, low air humidity and scarce rainfall
(San-Miguel-Ayanz and Camia 2010). Additionally, in these
areas, most wildfires are of anthropogenic origin and affect a
wide range of soil surfaces, threatening soil biodiversity and
function as well as vegetation resources (Ganteaume et al. 2013;
Rodrı´guez et al. 2017).
Mediterranean ecosystems are characterised by a wide het-
erogeneity of plant types ranging from pine and holm oak
(Quercus ilex) forests to shrublands and grasslands. Recently,
invasive species such as black locust tree (Robinia pseudoacacia)
and oleander have become widespread, and play a fundamental
role inmodifying the relationships among native species, altering
the functionality of the whole community above and below
ground (De Marco et al. 2013; Wolfe and Klironomos 2005).
For instance, herbaceous species produce less biomass and
have less potential carbon storage compared with shrubs and
trees (Virzo De Santo et al. 2002; De Marco et al. 2008).
Moreover, the high heterogeneity of leaf traits (i.e. sclerophylls,
which have hard and leathery leaves, and herbs, which have soft
leaves) leads to the accumulation of litter with different quali-
ties, influencing the decomposition rate, organicmatter turnover
and soil carbon sequestration (Vesterdal et al. 2012). The
chemical and morphological complexity of litter reflects soil
microbial biodiversity and activity, and usually increases from
herbs to trees (Rutigliano et al. 2007).
Within this framework, multiple and diversified effects of
wildfires act on this heterogeneous environment, often inducing
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conflicting and unpredictable responses. Fire, both natural and
human-caused, has played a large role in shapingMediterranean
ecoregions (Gil-Tena et al. 2016), and in relation to different
plant types, significantly affects soil physico-chemical proper-
ties such as pH, organic matter and water content, and nutrient
cycles (Raison et al. 2009; Go´mez-Rey et al. 2013). Wildfires
typically result in the reduction of fuel and soil nutrient pool
sizes and increase soil nutrient turnover rates, inducing, for
instance, faster mineralisation and a higher potential loss of
carbon and nitrogen from soils covered by herbaceous plants
compared with soil covered by trees (De Marco et al. 2008).
Moreover, after fires, the complexity of soil organic matter can
increase owing to the production of charcoal, which has high
resistance to degradation, enhancing soil water retention
(Gonza´lez-Pe´rez et al. 2004); by contrast, the destruction of
organic matter by fire reduces soil permeability and water
retention (Martin and Moody 2001).
These changes in soil abiotic characteristics affect the
abundance, diversity and activity of soil microorganisms
(Certini 2005; Bouchez et al. 2016; Panico et al. 2018). In
particular, soil microbial biomass and diversity has been
reported to decline (Mabuhay et al. 2006), increase (D’Ascoli
et al. 2005) or not change significantly between unburnt and
burnt soils (Goberna et al. 2012). The lack of unified responses
of the soil microbial community towildfires poses a challenge to
researchers seeking to implement the current knowledge, espe-
cially in Mediterranean areas, where wildfires are frequent and
severe (Arias et al. 2005; Thom and Seidi 2016).
Because wildfires are unpredictable, study approaches based
on a comparison between unburnt and burnt sites in the same
area are not always applicable, although they could potentially
be useful to better understand the effects of wildfires on soil
characteristics. In the present study, this approach was applied
inside Vesuvius National Park, where a large wildfire occurred
in summer 2017. The aims of the research were to evaluate the
effects of wildfires on soil physico-chemical and biological
characteristics by comparing burnt and adjacent unburnt soils
covered by the same plant typology, and to highlight whether
different plant types contribute to mitigating or enhancing the
effects of wildfires on soil characteristics.
The research was carried out within three areas dominated by
different plant types: one grassland with a prevalence of herba-
ceous species and two forests where black locusts or holm oaks
were dominant. Specifically, the hypotheses were as follows:
(1) the plant types affected the soil physico-chemical and
biological characteristics; (2) within the same plant type, there
were differences between burnt and unburnt soil; and (3)
specific fire effects on soil were related to the distinct plant type.
Materials and methods
Study area and soil sampling
The study area is located inside Vesuvius National Park
(408520210036 N; 148260130020 E; Campania, Italy), where in
June 2017, a wildfire occurred, causing the loss of more than
50% (,3000 ha) of the existing plant cover (www.forbes.com/
sites/davidbressan/2017/07/19; www.earth.esa.int/web/earth-
watching/environmental-hazards/content). The park’s flora is
typically Mediterranean, mainly populated by herbaceous
species (mosses, lichens, red valerian, rock helichrysum, sage
and many species of grasses), scarce shrubs (myrtle, laurel,
wayfarer, brambles and brooms) and forest areas where holm
oaks are dominant and some pine species (scots pine, black pine,
maritime pine and stone pine) are present (Memoli et al. 2018).
Additionally, black locusts, an invasive species used since 1912
for afforestation and the stabilisation of volcanic substrates (De
Marco et al. 2013), are widespread in many areas of Vesuvius
National Park.
In 2017, the wildfire did not totally attack the whole area of
the park, leaving burnt and unburnt areas inside each plant cover
typology. The burnt sites were affected by severe surface fire,
showing a completely consumed forest floor, as described by
Level 4 of the soil burn severity index (SBS), whereas the
unburnt sites belonged to Level 0, because they did not show
evidence of fire (Vega et al. 2013). In June 2018, 1 year after the
wildfire, lepti-vitric andosols (Di Gennaro 2002) were sampled
after litter removal in three areas with different plant cover. The
first area was covered by herbaceous plants (H), and the second
and the third were covered by trees, black locust (BL) and holm
oak (HO) respectively (Table 1). The unburnt sites dominated by
herbaceous species were covered by red valerian (Centranthus
ruber), rock helichrysum (Helichrysum litoreum), sage
(Artemisia campestris), French sorrel (Rumex scutatus), Spanish
broom (Spartium junceum), Scotch broom (Cytisus scoparius),
wayfarer (Viburnum lantara), laurustinus (V. tinus), Cistus sp.
and several mosses, lichens and grasses. The burnt sites were
mainly covered by vegetation not killed by fire, resprouting
shrubs and plants according to the pre-existing vegetation type
at the time of sampling (1 year after the fire).
For each plant typology, four sampling areas were selected,
and in each area, soil was sampled in burnt (B) and adjacent
unburnt (U) sites (Table 1). Soil (0–10 cm) samplingwas carried
out after a month without rain; the samples were collected in
sterile flasks and transported on ice to the laboratory, where they
were sieved (2-mm mesh size). A portion of the soil was kept
at room temperature to perform physico-chemical analyses,
Table 1. Sampling sites in Vesuvius National Park, Italy
The selected areas showed different vegetation types: herbaceous (H)
grasses, mosses and lichens; black locust (BL); holm oak (HO); and
geographical coordinates. In each area, soil has been sampled in burnt (B)
and unburnt (U) sites
Vegetation cover Geographical coordinates Site type
Herbaceous (H) 4088203000N 1483909600E B/U
Herbaceous (H) 4088300700N 1482502800E B/U
Herbaceous (H) 4088108100N 1484305000E B/U
Herbaceous (H) 4088201700N 1484305700E B/U
Black locust (BL) 4088102000N 1484400700E B/U
Black locust (BL) 4088008800N 1484309200E B/U
Black locust (BL) 4088203600N 1484305300E B/U
Black locust (BL) 4088201300N 1484306200E B/U
Holm oak (HO) 4088007200N 1484304600E B/U
Holm oak (HO) 4088008800N 1484309200E B/U
Holm oak (HO) 4088106700N 1484008600E B/U
Holm oak (HO) 4088100300N 1484008600E B/U
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another portion was kept at 48C to evaluate the microbial
activities and the last portion was kept at 208C to perform
molecular analyses.
Soil physico-chemical analyses
For the sieved soil samples, we measured the water content
(WC), pH, organic matter (OM) content and carbon (C) and
nitrogen (N) concentrations. WC was determined by gravimet-
rically drying fresh soil at 1058C until constant weight. pH was
measured in a soil : distilled water (1 : 2.5¼ v : v) suspension by
an electrometric method. To calculate the OM content, the
organic carbon (Corg) was determined by gas chromatography
(carbon, nitrogen, sulfur (CNS) analyser, Flash 112 Series EA,
Thermo Finnigan, Milan, Italy) in soil samples previously
treated with hydrogen chloride (HCl; 10%) to exclude carbo-
nates. Then, the OM content was obtained by multiplying Corg
by 1.724 (Pribyl 2010). The total C and N concentrations were
evaluated in oven-dried (1058C, until constant weight) and
ground (Analysette Spartan 3 Pulverisette 0, Fritsch, Idar-
Oberstein, Germany) soil samples by gas chromatography.
Then, the C/N ratios were calculated. The physico-chemical
analyses were performed in triplicate.
Soil biological activity
Microbial activity was estimated as the potential respiration
according to Anderson and Domsch (1978). To evaluate
microbial biomass (Cmic) and respiration (Resp), the CO2
evolution from samples at 55% water-holding capacity was
measured by NaOH absorption followed by two-phase titration
with HCl (Froment 1972) after incubation at 258C in tight
containers for 5 and 10 days respectively. Microbial carbon
was evaluated by substrate-induced respiration (SIR) in
response to the addition of glucose (75 mM), an easily miner-
alisable substrate (Degens et al. 2000). The magnitude of the
respiratory response was converted to mg of microbial biomass
carbon using the conversion factor introduced by Sparling
(1995). The potential respiration of soil samples was estimated
as the CO2 evolution after adding 3 mL distilled water to 3 g of
sample. The results obtained from the biological analyses were
used to calculate two indices: the metabolic quotient (qCO2),
i.e. the degree of activity of the microbial biomass (Insam and
Haselwandter 1989); and the coefficient of endogenous
mineralisation (CEM), i.e. the rate of organic carbon miner-
alisation (Rutigliano et al. 2002). qCO2 was calculated as the
ratio between Resp (C-CO2) and Cmic, whereas CEM was
calculated as the ratio between Resp (C-CO2) and Corg. The
microbial activities were analysed in quadruplicate.
DNA extraction and quantitative PCR (polymerase chain
reaction) analyses
The application of molecular biological techniques based on
DNA extraction from soil and subsequent specific gene PCR
(polymerase chain reaction) amplification can reveal a population
structure that is not apparent from classical cultivation studies
(Nannipieri et al. 2003). In this work, we used soil DNA
extraction and specific quantitative PCR (qPCR) to monitor the
effects of intensive wildfires on the abundances of the bacterial
and fungal communities, and on the sensitive ammonia-oxidising
bacterial population involved in an important stage of the nitrogen
cycle (Hastings et al. 1997).
Total soil DNA extraction was performed in triplicate using a
FastPrep MP instrument and FastDNA SPIN Kit for Soil (MP
Biomedicals, Eschwege, Germany) with modifications to the
manufacturer’s instructions according to Ceccherini et al.
(2007). The DNA yield (mg DNA g1 soil) and purity were
quantified spectrophotometrically (Picodrop, Hinxton, United
Kingdom). The quality of total DNA was further assessed by
agarose gel electrophoresis.
qPCR analyses were used to quantify the total bacterial 16S
rDNA gene, the total fungal 18S rDNA gene and the ammonia
oxidising amoA gene in each soil DNA sample. The primer sets
used and the qPCR cycling conditions for each primer set are
shown in Table S1, available as Supplementary material to this
paper. Each sample was assayed in triplicate (three technical
replicates of 13 independent replicates) on a CFX96 Touch Real-
Time PCR detection system (Bio-Rad laboratories, Hercules,
CA). Each 25 mL qPCR assay contained 1 iTAQ UNIVER-
SYBR GREEN SMX 2500 mix (Bio-Rad Laboratories), 10 mM
each forward and reverse primers, 40 ng of template DNA and
sterile double-distilled H2O to reach the appropriate volume.
Nanograms of the target sequence were normalised to grams
of dry soil; this assumption is appropriate in this study because
relative (vs absolute) quantification was measured.
The total DNA, fungal (18S rDNA), bacterial (16S rDNA)
and ammonia oxidiser (amoA gene) sequences were expressed
as copy number per gram of dry mass of soil.
Statistical analyses
Data for the burnt and unburnt soils were reported as the median
and mean values to estimate the central data tendency. The
normality of the data distribution was assessed by the Shapiro–
Wilks test. Paired t-tests were performed to evaluate the sig-
nificance of differences between burnt and unburnt soils.
One-way analysis of variance (ANOVA) was performed to
test the differences in soil characteristics among the three
different vegetation types in both burnt and unburnt sites.
ANOVAs were followed by post hoc Holm–Sidak tests.
All parameters were used in the standardised principal
component analysis (PCA) to find the main factors affecting
the soil physico-chemical and biological characteristics. Multi-
variate analysis of variance (MANOVA) was performed to test
the relationships between the site distribution in the principal
component (PC) space and vegetation cover and fire occurrence.
The statistical assays, performed by Systat_SigmaPlot_14.0
software (Jandel Scientific, San Jose, CA), were considered
statistically significant at P , 0.05. The PCA and MANOVA
analyses were performed using the R 3.1.1 programming envi-
ronment (R Core Team 2016) using the Vegan^ package.
Results
Physico-chemical and biological properties of burnt and
unburnt soils
Anoverall evaluation of the statistically significant soil physico-
chemical property changes showed that WC and OM were
higher (P, 0.001 and P, 0.05 respectively) in unburnt than in
burnt soils (Fig. 1a); by contrast, the C/N ratio was higher
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(P, 0.05) in burnt soils (Fig. 1a). In particular, according to the
different plant types, soils covered by herbaceous plants showed
a higher pH (P , 0.05), WC content (P , 0.01) and N con-
centration (P , 0.05) in unburnt than in burnt conditions,
whereas the C/N ratio was higher (P , 0.01) in burnt soils
(Fig. 1b); in soils covered by black locust and holm oak,
WC (P, 0.05 and P, 0.001 respectively), OM (P, 0.001 and
P , 0.01 respectively) and C/N (P , 0.001 and P , 0.05
respectively) were higher in unburnt than in burnt conditions,
and only in soils covered by black locust was the N concentra-
tion higher (P , 0.01) in burnt than in unburnt soils (Fig. 1b).
Taking into account all the sites, the total DNA, fungal (18S
rDNA), bacterial (16S rDNA) and ammonia oxidiser (amoA
gene) sequence amounts showed similar mean values in burnt
and unburnt soils (Fig. 2a). However, according to the different
plant types, numerous statistically significant differences were
found for these characteristics (Fig. 2b). In herbaceous soils,
fungal DNA and ammonia oxidisers were more abundant
(P , 0.01 and P , 0.05 respectively) in unburnt than in burnt
conditions (Fig. 2b); in soils covered by black locust, ammonia
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Fig. 1. Changes in soil pH, water (WC), organicmatter (OM), nitrogen (N)
content and C/N ratio in surface soil (0–10 cm) collected at burnt (B) and
unburnt (U) sites under different plant types (H, herbaceous; BL, black
locust; HO, holm oak). On the left, panel (a) shows a box plot of the values of
the B and U soils. The boxes indicate the 25th and 75th percentiles, the
continuous lines indicate the median values, the dashed lines indicate the
mean values and the upper and lower whiskers indicate the maximum and
minimum values of the dataset respectively. Panel (b) shows the mean
values  standard errors in B and U soils under H, BL and HO cover.
Different uppercase and lowercase letters indicate statistically significant
differences among the three plant types in burnt and unburnt sites respec-
tively (one-way ANOVA; P , 0.05). The asterisks indicate statistically
significant differences between B and U sites (t-test; P , 0.05).
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Fig. 2. Changes in soil total DNA, fungal DNA, bacterial DNA and
ammonia oxidiser abundance in surface soil (0–10 cm) collected at burnt
(B) and unburnt (U) sites under different plant types (H, herbaceous; BL,
black locust; HO, holm oak). On the left, panel (a) shows a box plot of the
values of the B andU soils. The boxes indicate the 25th and 75th percentiles,
the continuous lines indicate the median values, the dashed lines indicate the
mean values and the upper and lower whiskers indicate the maximum and
minimum values of the dataset respectively. Panel (b) shows the mean
values  standard errors in B and U soils under H, BL and HO cover.
Different uppercase and lowercase letters indicate statistically significant
differences among the three plant types in burnt and unburnt sites respec-
tively (one-way ANOVA; P , 0.05). The asterisks indicate statistically
significant differences between B and U sites (t-test; P , 0.05).
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oxidisers weremore abundant (P, 0.01) in burnt than in unburnt
conditions (Fig. 2b); finally, in soils covered by holm oak, total
and fungal DNA and ammonia oxidisers were more abundant
(P, 0.01) in burnt than in unburnt conditions, whereas bacterial
DNA was more abundant (P , 0.05) in unburnt conditions
(Fig. 2b). Soil qCO2 was statistically higher (P , 0.0 1) in
unburnt than in burnt soils (Fig. 3a); by contrast, CEM was
significantly higher (P , 0.01) in burnt soils (Fig. 3a). In soils
covered by herbaceous species, Resp and qCO2 were statistically
higher (P, 0.05) in unburnt than in burnt conditions; conversely,
CEMwas higher (P, 0.01) in burnt conditions (Fig. 3b). In soils
covered by black locust, qCO2 was statistically higher (P, 0.05)
in unburnt than in burnt soils (Fig. 3b).
Physico-chemical and biological properties among different
plant types
At the unburnt sites, numerous statistically significant soil
physico-chemical variations in relation to plant type were
highlighted. In particular, pH was higher (P , 0.05) in soils
covered by herbaceous plants than in those collected under trees
(Fig. 1b); WC and OM showed higher values in soils covered by
holm oak (P , 0.001) (Fig. 1b); and finally, C/N values were
lower (P, 0.01) in soils covered by herbaceous plants (Fig. 1b).
The totalDNAamountwas higher (P, 0.001) in soils covered by
black locust and holm oak (Fig. 2b). Additionally, bacterial DNA
was statistically higher (P , 0.05) in soils covered by holm oak
(Fig. 2b), and ammonia oxidisers were higher (P, 0.001) in soils
covered by black locust (Fig. 2b). Considering the biological
activities, Resp and qCO2 showed higher (P , 0.05) values in
soils covered by holm oak, whereas CEMwas statistically higher
(P , 0.05) in soils covered by herbaceous plants (Fig. 3b).
At the burnt sites, according to the different soil plant types,
numerous statistically significant differences were found. In
particular, WC was higher (P, 0.01) in soils covered by holm
oak (Fig. 1b); OM values were higher (P , 0.001) in soils
covered by black locust and holm oak than in soils covered by
herbaceous plants (Fig. 1b); and the N concentrations and C/N
ratios were higher (P , 0.001) and lower (P , 0.001), respec-
tively, in soils covered by black locust (Fig. 1b). Total DNAwas
higher (P, 0.001) in soils covered by holm oak (Fig. 2b); fungal
and bacterial DNA values were higher (P, 0.01 and P, 0.05
respectively) in soils covered by black locust and holm oak than
in soils covered by herbaceous plants (Fig. 2b); and ammonia
oxidisers were higher (P , 0.001) in soils covered by black
locust (Fig. 2b). Considering the biological activities, soil Resp
and qCO2 showed higher (P, 0.05) values in soils covered by
holm oak, whereas CEM was statistically higher (P , 0.01) in
soils covered by herbaceous plants (Fig. 3b).
Principal component analysis (PCA)
The PCAhighlighted that the first two dimensions accounted for
59% of the total variance in the dataset (Fig. 4). The investigated
soil characteristics were clearly separated in the PC space
(Fig. 4): total, fungal and bacterial DNA, ammonia oxidisers and
soil N concentrationwere located in the first quadrant; OM,WC,
Resp and qCO2 were located in the second quadrant; C/N and
CEM were located in the third quadrant; and pH was located in
the fourth quadrant. According to the MANOVA test, the site
distribution in the PC space was related to both vegetation cover
(P, 0.001) and fire occurrence (P, 0.05). In particular, along
the first axis, B (burnt) and U (unburnt) soils covered by her-
baceous plants were clustered in the negative direction, whereas
B and U soils covered by black locust and holm oak were
clustered in the positive direction (Fig. 4). The first axis of the
PCA was positively (P , 0.05) correlated with OM, WC, total
and bacterial DNA, Resp, qCO2 and CEM. Along the second
axis, both burnt and unburnt sites covered by holm oak and
herbaceous plants were mainly clustered in the negative direc-
tion, whereas soils covered by black locust were clustered
mainly in the positive direction (Fig. 4). The second axis of the
PCA was positively (P , 0.05) correlated with the soil N con-
centration, fungal DNA and ammonia oxidisers, and negatively
(P , 0.05) correlated with the soil WC, C/N ratio and qCO2.
Discussion
Differences between burnt and unburnt soils
The results showed that wildfire caused significant changes in
soil physical, chemical and biological characteristics persisting
up to a year.
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Fig. 3. Changes in soil microbial respiration (Resp), metabolic quotient
(qCO2) and coefficient of endogenous mineralisation (CEM) in surface soil
(0–10 cm) collected at burnt (B) and unburnt (U) sites under different plant
types (H, herbaceous; BL, black locust; HO, holm oak). On the left, panel (a)
shows a box plot of the values of theB andU soils. The boxes indicate the 25th
and 75th percentiles, the continuous lines indicate the median values, the
dashed lines indicate the mean values and the upper and lower whiskers
indicate the maximum andminimum values of the dataset respectively. Panel
(b) shows the mean values standard errors in B andU soils under H, BL and
HO cover. Different uppercase and lowercase letters indicate statistically
significant differences among the three plant types in burnt and unburnt sites
respectively (one-wayANOVA;P, 0.05). The asterisks indicate statistically
significant differences between B and U sites (t-test; P, 0.05).
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In particular, the reduction in soil OM (and consequently the
significant decrease inWCobserved in burnt soil) was a result of
the destruction of the organic layer by fire, which decreases
water permeation and soil storage capacity (Imeson et al. 1992;
Rastad 2009). Conversely, fire affected the quality of organic
matter, leaving the most recalcitrant fraction in the burnt soil, as
shown by the highest C/N ratio (Gonza´lez-Pe´rez et al. 2004).
Although wildfire seems not to directly affect the microbial
abundance (defined as the total, fungal, eubacterial and
ammonia-oxidising bacterial abundance), a significantly lower
qCO2 and higher CEM were observed in burnt than in unburnt
soils. After fires, a large proportion of the soil microbial biomass
can show high energy consumption, suggesting the presence of
highly efficient decomposers and less efficient producers
(Wu¨thrich et al. 2002).
Due to the different plant typologies, the wide heterogeneity
of sites affected the soil characteristics and, consequently, the
fire impact on the investigated soils. The site distribution in the
PC space also showed that within the same plant type, wildfires
caused noticeable differences in soil characteristics, such as
WC, C/N ratio, N, fungal DNA and ammonia oxidiser abun-
dance and qCO2, factors related to the PC2 axis.
The differences between unburnt and burnt soils varied
between soils covered by herbaceous plants and trees and soils
covered by black locusts and holm oaks. In particular, N, fungal
DNA and ammonia oxidisers were less abundant in burnt than in
unburnt soils covered by herbaceousmaterials, and the C/N ratio
was higher, whereas the same soil characteristics showed an
opposite trend for burnt soils covered by black locust and holm
oak.
Plant typology affected soil physico-chemical and biological
characteristics
In soils covered by trees, the statistically higher OMvalues were
a result of the higher plant productivity and, consequently, the
large amount of litter fall (De Marco et al. 2008), which in turn
affected the soil WC (Reicosky 2005). These conditions fit with
those reported by Degens et al. (2000) and Riveros-Iregui et al.
(2007), who highlighted that soil moisture and organic matter
content are key drivers of soil microbial community activity and
composition. The dominance of herbaceous species in Medi-
terranean systems is always related to low organic C and N
contents, and to the decrease in specific enzymatic activities that
negatively affect soil fertility (Lo´pez-Poma and Bautista 2014;
Mayor et al. 2016). Herbs and grasses have a lower capacity to
trap resources and are considered source areas, in contrast to
shrub and tree sites, which are known as sinks owing to their
high soil carbon storage.
Therefore, in the investigated area, soils covered by trees,
despite exhibiting the highest amount of total and bacterial
DNA, showed the lowest microbial mineralisation activity
(i.e. CEM), likely because of the scarce litter decomposability
corroborated by the higher C/N ratio. These results were
confirmed by the greater stability of soil organic matter occur-
ring in shrub and tree sites compared with gap areas in Mediter-
ranean ecosystems (De Marco et al. 2008).
The PCA highlighted the role of plant type in driving soil
characteristics, especially in terms of OM, WC, total and
bacterial DNA, Resp, qCO2 and CEM, which were higher in
soils covered by black locusts and holm oaks, with the exception
of CEM. These factors, which were significantly related to PC1
and were involved in the distribution of sites along this axis,
distinguished the soils covered by herbaceous plants from those
covered by trees, both black locusts and holm oaks.
Specific responses of soil characteristics to fire related to the
distinct plant type
The comparison between burnt and unburnt soils showed the
effects of fire 1 year after a disturbance, but also highlighted the
specific responses determined by the different types of plant
cover.
In all the burnt soils, a significant decrease in WC was
observed, which was particularly amplified in soils covered by
black locusts and holm oaks, where a greater loss of organic
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Fig. 4. Results of PCA (principal component analysis). Spatial distribution of the burnt (B) and unburnt (U) soils under different
plant types (H, herbaceous; BL, black locust; HO, holm oak) according to soil parameters (pH; WC, water content; OM, organic
matter; N, nitrogen content; C/N ratio; total DNA; fungal DNA; bacterial DNA; ammonia oxidisers; Resp, microbial respiration;
qCO2, metabolic quotient; CEM, coefficient of endogenous mineralisation). Grey shapes represent burnt and white shapes
represent unburnt sites; symbols indicate plant types.
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matter occurred. Therefore, after fire, hydrophobic components
that have been volatilised as a result of combustion can re-
precipitate on the soil, increasing water repellency. This phe-
nomenon is particularly evident in holm oak forests, where fast
ponding and greater runoff rates are usually observed (Cerda
et al. 1998).
According to the different plant typologies, the wildfire
affected not only the amount of OM but also its quality, leaving
themost recalcitrant fraction in soils covered by herbaceous soils,
as shown by the significantly higher values of the C/N ratio
comparedwith those in soils covered by trees (Certini et al. 2011;
Yanardag˘ et al. 2017). A lower capacity for storing C after fires in
shrubs than pine and in herbaceous plants than shrubs was
reported by Kaye et al. (2010) and De Marco et al. (2008),
respectively, owing to differences in litter degradability. Changes
in organic matter recalcitrance could also be related to the qCO2
values, according to the results of Mataix-Solera et al. (2002),
who found lower values of qCO2 and a higher C/N ratio in burnt
soil compared with unburnt soil 11 years after a wildfire. Despite
the increase in the complexity of organic matter and the decrease
in qCO2, burnt soils covered by herbaceous plants showed a
significant increase in mineralisation, likely owing to the use of
more energy for organic carbon consumption than for biomass
production. These findings agree with those reported by Fierro
et al. (2007), who found biological stimulation of mineralisation
and C loss from soils in Mediterranean low maquis shrubland
caused by fire. In this way, soil in herbaceous or shrub areas also
loses C for a long time after fire, and these effects could result in
more fertility losses (Mayor et al. 2016).
In addition, in soils covered by herbaceous plants, the lack of
statistically significant differences in total and bacterial DNA
between burnt and unburnt soils seems to confirm the limited
use of energy in biomass production.
The wildfire also induced significantly higher values of total,
fungal and bacterial DNA in tree-covered soils than in herba-
ceous plant-covered soils. Regarding the tree-covered soils,
those under holm oaks were characterised by a marked increase
in the fungal community.
In particular, under holm oaks, a shift in bacterial and fungal
amounts was observed. The bacterial DNA was statistically
lower in burnt soils, whereas the fungal DNA was statistically
higher. The observed shift in bacterial and fungal amounts was
likely associated with the great water loss in soils covered by
holm oak. Fungi and bacteria have been shown to respond
differently to water availability (de Vries et al. 2006; Bapiri
et al. 2010), and fungimay bemore tolerant to reduced soil water
content (Manzoni et al. 2012; Guhr et al. 2015).
Additionally, specific responses to the wildfire were
observed in the soil N content, which showed the highest values
in the burnt soils under black locust, and the lowest under
herbaceous plants. The availability of this nutrient is generally
increased by combustion and is strictly dependent upon the
types of burnt tree species (Kutiel 1994). The key role of black
locust in regulating the N cycle is well known because of its
association withN2 fixers and in influencingN losses due to fire,
which are particularly frequent in these forest types (De Marco
et al. 2008, 2013). After the fire, the amount of ammonia
oxidisers was higher mainly in soils dominated by black locust,
probably owing to the greater N demand by black locusts, which
have faster productivity after fire (Prieto-Ferna´ndez et al. 2004;
Yeager et al. 2005; Smithwick et al. 2012).
Conclusions
Our findings suggest that the first year after a fire is a critical
time period for soil restoration in the Mediterranean area
because the soil’s chemical, physical and biological char-
acteristics have been greatly altered. The novelty of this
research is the simultaneous investigation of burnt and unburnt
soils under three different plant types, and the results highlight
how fire effects depend on the heterogeneity of the Mediter-
ranean environment. The burnt soils had lower organic matter
and water contents than did the unburnt soils, especially those
under trees, owing to the higher productivity and greater runoff
rates than those under herbaceous plants. Conversely, in burnt
soils covered by herbaceous plants, the observed highest
mineralisation seemed to be related to the use of energy by
microorganisms, which used more energy to consume organic
carbon than to produce biomass. Additionally, fire caused a
shift in the microbial community composition, enhancing the
fungal abundance rather than the bacterial abundance in soil
covered by holm oak, and favouring ammonia oxidisers,
mainly in soil covered by black locust, which also showed the
highest N content.
Moreover, our study confirmed that the soil microbial
community quickly reacts to disturbances from fire; addition-
ally, abundance and activity are useful indicators to evaluate the
reestablishment of soil functions and ecosystem recovery. In
particular, the soils covered by herbaceous species seemed to be
more sensitive to overall variations owing to fire, and less able to
restore their functionality compared with soils covered by trees
(i.e. black locust and holm oak), probably because of their
lowest microbial abundance and higher C losses.
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